Abstract: Turbulence statistics and spectra in a radiatively heated convective boundary layer (CBL) under aerosol pollution conditions are less investigated than their counterparts in the clear CBL. In this study, a large-eddy simulation (LES) coupled with an aerosol radiative transfer model is employed to determine the impact of aerosol radiative heating on CBL turbulence statistics. One-dimensional velocity spectra and velocity-temperature cospectra are invoked to characterize the turbulence flow in the CBL with varying aerosol pollution conditions. The results show that aerosol heating makes the profiles of turbulent heat flux curvilinear, while the total (turbulent plus radiative) heat flux profile retains the linear relationship with height throughout the CBL. The horizontal and vertical velocity variances are reduced significantly throughout the radiatively heated CBL with increased aerosol optical depth (AOD). The potential temperature variance is also reduced, especially in the entrainment zone and near the surface. The velocity spectral density tends to be smaller overall, and the peak of the velocity spectra is shifted toward larger wavenumbers as AOD increases. This shift reveals that the energy-containing turbulent eddies become smaller, which is also supported by visual inspection of the vertical velocity pattern over horizontal planes. The modified CBL turbulence scales for velocity and temperature are found to be applicable for normalizing the corresponding profiles, indicating that a correction factor for aerosol radiative heating is needed for capturing the general features of the CBL structure in the presence of aerosol radiative heating.
Introduction
In the atmospheric convective boundary layer (CBL), turbulence is the main mechanism for the transport and mixing of heat, moisture, and air pollutants [1] . Turbulence in the CBL is generated primarily by the buoyancy forcing associated with the solar heating of the underlying surface, a mixed region (layer) with nearly constant mean θ, and an entrainment zone with a local potential temperature gradient larger than that of the overlying free atmosphere [2, 24] . The heat flux, which is typically a combination of upward heat flux from the surface and downward entrainment flux [25] , changes linearly with height in the quasi-steady CBL [26, 27] . The variance of horizontal velocity, which is an important statistical parameter representing turbulent flow fluctuations, reaches its maximum value near the surface, while the variance of the vertical velocity component has its maximum in the lower middle portion of the CBL. The potential temperature variance attains its maximum in the entrainment zone, which is the region of the large vertical mean temperature gradient. The skewness of vertical velocity, which is an indicator of the asymmetry of vertical motion, is mostly positive throughout the CBL, and increases with height away from the surface [28, 29] . These typical features of the CBL turbulence characteristics have been discussed extensively in many studies, and form a basis of our current understanding of the aerosol-free CBL turbulence structure. However, it is not known whether these characteristics would be representative of the structure of the aerosol-polluted CBL.
In a shear-free and aerosol-free CBL, the following traditional Deardorff [30] convective scales for velocity and temperature in the mixed layer apply:
, θ * = Q s /w *
where w * is convective velocity scale, g is the gravity acceleration, θ 0 is a constant reference potential temperature (290 K in this study), z i is boundary layer depth, θ * is temperature scale and Q s is the surface kinematic heat flux. Being normalized with these convective scales, the profiles of turbulence statistics in shear-free CBLs appear in a self-similar manner. However, it is not known whether such traditional scaling parameters are applicable for the CBL with aerosol loading conditions. Furthermore, spectral analysis is another useful technique for describing scales and patterns of atmospheric turbulent eddy motions [31] . In the classic paper of Kaimal [32] , turbulence spectra and cospectra in the atmospheric surface layer converge to a single universal curve in the inertial subrange with appropriate normalization. Subsequently, many observational studies of velocity and temperature spectra (e.g., Moraes et al. [33] ) demonstrated that spectra within the atmospheric surface layer follow Monin-Obukhov similarity theory (MOST). The high-wavenumber behavior of spectra is determined by the local isotropy of small-scale turbulence. Velocity and temperature spectra as functions of wavenumber in a given direction (e.g., k x , if fluctuations are measured in the x direction) typically show a power law behavior with a form of k x −5/3 within the inertial subrange. However, due to difficulties in sampling the upper part of the CBL, most of the spectral analyses are limited to near-surface. With high-resolution simulation data (e.g., LES) available, the spectral analysis can be extended to higher levels within the CBL [34] [35] [36] . The CBL velocity spectra have been analyzed in terms of the effects of the temporal discretization [37] , model grid mesh [36] , and numerical scheme used [38] . To the best of our knowledge, no studies have analyzed the spectral characteristics of turbulence in the CBL with aerosol radiative heating. In our previous study, Liu et al. [39] used a LES coupled with a radiative transfer model to mainly investigate the impact of aerosol radiative heating on the CBL entrainment. In that study, a zero-order model (ZOM) entrainment equation accounting for the aerosol radiative heating effect is derived and careful validated against the LES outputs. In this study, some of the LES data from Liu et al. [39] are further employed to complement the numerical analyses by investigating the impact of aerosol radiative heating on the CBL turbulence statistics (e.g., mean flow variables, variances and covariances, skewness) and spectra. By doing these analyses, our specific objectives are to: (1) investigate the impact of aerosol radiative heating on various CBL turbulence statistics, (2) determine the spectral characteristics of turbulence in the radiatively heated CBL, and (3) find suitable scaling parameters for velocity and temperature in the CBL with aerosol loading. The rest of paper is organized as follows. The employed modeling approach and simulation setups are briefly described in Section 2. The results
Atmosphere 2018, 9, 347 4 of 21 of the impact of aerosol radiative heating on turbulence statistics and spectra are discussed in Section 3, and the conclusions and summary are presented in Section 4.
Model and Methodology

Model Description
A LES-coupled radiative transfer model is used in this study. Details about the model coupling are given in Liu et al. [39] . The LES code was initially developed by Moeng et al. [19] and further improved by Sullivan et al. [20] , Patton et al. [40] , and Huang et al. [25] . In the coupled code, an aerosol radiative heating term (∂R/∂z) is added to the filtered LES heat balance equation for potential temperature, where z is the height above the ground, R is the shortwave radiative flux, which is determined by using the Santa Barbara Discrete Ordinates Radiative Transfer (DISORT) Atmospheric Radiative Transfer (SBDART) model [41] . The basic input parameters for SBDART include longitude, latitude, time, height above the ground, and surface albedo, plus aerosol optical parameters such as AOD, single scattering albedo (SSA), and asymmetric factor (g f ). Aerosols are assumed to be uniformly distributed within the CBL and confined to its interior. The uniform distribution is a common way of setup in the simulation studies (e.g., Raga et al. [14] ; Barbaro et al. [10] ), and has been demonstrated in many observational studies (e.g., Steyn et al. [42] ; Ferrero et al. [43] ; Ware et al. [44] ) for the well-mixed conditions of the convective boundary layer. The radiative flux R is calculated at the given heights by means of the radiative transfer equation [45] , and the corresponding aerosol radiative heating rate (∂R/∂z) is thereby calculated and prescribed at each LES model level. As a reminder, the chemical composition, population, and size distribution of aerosols are not changed in our simulations. Aerosol particle-resolved Lagrangian models could be used to investigate the aerosol radiative effect (e.g., Kleeman et al. [46] ; Rimer et al. [47] ), which provides certain advantages with respect to a more realistic representation of the optical properties of aerosols as compared to the modeling method employed in our study.
Meanwhile, the surface downward shortwave radiation obtained from SBDART is fed into the land surface module (LSM, Huang et al. [21] ), and the LSM-predicted surface sensible and latent heat fluxes are used in the LES to drive the development of the CBL. The boundary layer top, z i , which is diagnosed as the height where the simulated heat flux reaches its minimum value, is delivered to SBDART for determining the height limit of aerosol distribution.
Numerical Experiments
The settings of the LES numerical experiments are presented in Table 1 . The simulation domain covers a cuboid of 5 km × 5 km × 1.92 km with grid spacing of 50 m, 50 m, and 20 m in the x, y, and z directions, respectively. As illustrated in Figure 1 , the potential temperature field is initialized with a two-layer profile with a constant value of 290 K below the CBL top (i.e., 640 m) and a certain potential temperature gradient above (e.g., 3 K km −1 , 6 K km −1 , and 9 K km −1 ). A dry and cloud-free CBL is considered to remove the impact of water vapor and clouds. Geostrophic wind is not included (i.e., shear free) in all of the simulated cases due to weak winds (e.g., less than 5.0 m s −1 ) observed on heavy aerosol pollution events, which has a negligible impact on CBL development (e.g., Pino et al. [48] ; Liu et al. [3] ). Six AOD values (i.e., AOD = 0, 0.3, 0.6, 0.9, 1.2, 1.5) represent the scenarios with varying aerosol pollution conditions, the AOD values set in the numerical experiments are based on the surface observational and satellite-retrieved data in China and other areas around the globe (e.g., Kaufman [49] ; Tao et al. [50] ). A total of 18 LES cases are completed through combining three free atmospheric potential temperature gradients and six AOD values. SSA = 0.9 and g f = 0.6 were used in this study according to the observations conducted in the Yangtze River Delta region, China (Liu et al. [51] ). The simulated cases in this study represented the CBLs at 12:00 on 24 January 2015. Latitude and longitude are set to 32.21 • N and 118.70 • E, respectively. All of the flow statistics are calculated over 200 time-step intervals and averaged over the horizontal plane after the CBL flow reaches a quasi-steady regime, as described in Patton et al. [40] and Huang et al. [25] . The spin-up time is about 1 h, which slightly varies among the different simulated cases.
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Results and Discussions
Flow Visualization
We first investigate the impact of aerosol radiative heating on the spatial structure of the velocity and potential temperature fields. Figure 2 demonstrates horizontal (x-y) slices of the vertical velocity (w) at z/zi = 0.1 with different AOD values under free-convection conditions. Apparently, the vertical velocity field is formed of cellular turbulent organized structures (TOSs) in all of the CBL cases with different AOD values. The TOSs consist of two components: a network with a narrow range of velocity isopleth, and a set of wider polygon-like regions. The former corresponds to the updraft regions (red/positive), while the latter denotes the downdraft areas (blue/negative). Similar structures are also observed in the fields of other scalars such as potential temperature and carbon dioxide (CO2) [21, 25, 53] . The TOSs represent the main mechanisms of mass and energy transport in the CBL with varying AOD conditions. A close inspection demonstrates that both updrafts and downdrafts tend to be weaker as AOD increases, while the cells become smaller and less vigorous. 
Results and Discussions
Flow Visualization
We first investigate the impact of aerosol radiative heating on the spatial structure of the velocity and potential temperature fields. Figure 2 demonstrates horizontal (x-y) slices of the vertical velocity (w) at z/z i = 0.1 with different AOD values under free-convection conditions. Apparently, the vertical velocity field is formed of cellular turbulent organized structures (TOSs) in all of the CBL cases with different AOD values. The TOSs consist of two components: a network with a narrow range of velocity isopleth, and a set of wider polygon-like regions. The former corresponds to the updraft regions (red/positive), while the latter denotes the downdraft areas (blue/negative). Similar structures are also observed in the fields of other scalars such as potential temperature and carbon dioxide (CO 2 ) [21, 25, 53] . The TOSs represent the main mechanisms of mass and energy transport in the CBL with varying AOD conditions. A close inspection demonstrates that both updrafts and downdrafts Atmosphere 2018, 9, 347 6 of 21 tend to be weaker as AOD increases, while the cells become smaller and less vigorous. For instance, the maximum value of vertical velocity is reduced from 2.7 m s −1 in the control case (CTL) (Figure 2a , AOD = 0) to 1.7 m s −1 in the aerosol case (A15) (Figure 2f , AOD = 1.5). The impact of AOD on the size of TOSs will be further quantified through the spectral analysis in the following section. The reduction of downward shortwave radiation reaching the surface due to the aerosol attenuation effect provides less energy that is available for bottom-up surface heat fluxes to maintain the vigorous turbulence. Similar cellular structures are also observed in the upper portion of the CBL, even though turbulence becomes less active (not shown).
Atmosphere 2018, 9, x FOR PEER REVIEW 6 of 21
For instance, the maximum value of vertical velocity is reduced from 2.7 m s −1 in the control case (CTL) (Figure 2a , AOD = 0) to 1.7 m s −1 in the aerosol case (A15) (Figure 2f , AOD = 1.5). The impact of AOD on the size of TOSs will be further quantified through the spectral analysis in the following section. The reduction of downward shortwave radiation reaching the surface due to the aerosol attenuation effect provides less energy that is available for bottom-up surface heat fluxes to maintain the vigorous turbulence. Similar cellular structures are also observed in the upper portion of the CBL, even though turbulence becomes less active (not shown). While spatial variation is well represented by the TOSs, the vertical velocity shows large temporal fluctuations. The ramp structure characterized by a sharp rise followed by a gradual decrease is seen in the time series. As shown in Figure 3a , at a fixed central point of the LES domain, the vertical motion alternates from updraft to downdraft (or from downdraft to updraft), and then follows similar cycles as time changes. The ramp structures are closely associated with the TOSs. Similar structures have also been found in other studies [21, 54] . As AOD increases to 1.5, the magnitude of temporal fluctuation in w is reduced. The standard deviation (SD) of velocity (see Figure 3b ) is reduced from 0.83 m s −1 for the CTL case to 0.51 m s −1 for the A15 case, indicating that the presence of aerosol weakens the turbulence fluctuation of w.
The turbulence structure can be further examined using x-z cross-sections within the vertical velocity field. Figure 4 presents the x-z cross-sections of w for the CBL case with a potential temperature gradient of 6 K km −1 in the free atmosphere. It is seen that updrafts (red) and downdrafts (blue) occur alternately, and in all of the cases, the total area occupied by downdrafts is much larger than that occupied by updrafts. The intensity of updrafts reduces markedly with While spatial variation is well represented by the TOSs, the vertical velocity shows large temporal fluctuations. The ramp structure characterized by a sharp rise followed by a gradual decrease is seen in the time series. As shown in Figure 3a , at a fixed central point of the LES domain, the vertical motion alternates from updraft to downdraft (or from downdraft to updraft), and then follows similar cycles as time changes. The ramp structures are closely associated with the TOSs. Similar structures have also been found in other studies [21, 54] . As AOD increases to 1.5, the magnitude of temporal fluctuation in w is reduced. The standard deviation (SD) of velocity (see Figure 3b ) is reduced from 0.83 m s −1 for the CTL case to 0.51 m s −1 for the A15 case, indicating that the presence of aerosol weakens the turbulence fluctuation of w.
The turbulence structure can be further examined using x-z cross-sections within the vertical velocity field. Figure 4 presents the x-z cross-sections of w for the CBL case with a potential temperature Atmosphere 2018, 9, 347 7 of 21 gradient of 6 K km −1 in the free atmosphere. It is seen that updrafts (red) and downdrafts (blue) occur alternately, and in all of the cases, the total area occupied by downdrafts is much larger than that occupied by updrafts. The intensity of updrafts reduces markedly with increasing AOD. The maximum updraft vertical velocity decreases from 4.5 m s −1 (the CTL case) to 2.6 m s −1 (the A15 case). Moreover, the vertical extent of the large thermals/updrafts is slightly reduced (by 3%) as AOD increases from 0 to 1.5.
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Spectral Analysis
Spectral analysis can be used to further quantify the impact of aerosol radiative heating on the turbulence structure in the CBL. The velocity spectra are calculated in the x-direction (or y-direction) by following the method described in Kaiser and Fedorovich [55] and Gibbs and Fedorovich [38] . The spectra are calculated first along individual rows in a given horizontal direction and then averaged over the corresponding orthogonal direction. Figure 6 presents the one-dimensional spectra of the resolved u and w components of velocity as functions of wavenumber k x for different AOD cases with the free-atmosphere stratification of 6 K km −1 . Here, k x is defined as 2π/λ x , where λ x is the wavelength along the x coordinate. Logarithmic rather than linear coordinates are traditionally used in the spectral analyses of the atmospheric boundary layer turbulence, given the broad range of representative turbulence scales. The spectra are shown for three different heights: z/z i = 0.1, 0.5, and 0.9, where z is the height above the ground, and z i is the CBL depth.
Atmosphere
Spectral analysis can be used to further quantify the impact of aerosol radiative heating on the turbulence structure in the CBL. The velocity spectra are calculated in the x-direction (or y-direction) by following the method described in Kaiser and Fedorovich [55] and Gibbs and Fedorovich [38] . The spectra are calculated first along individual rows in a given horizontal direction and then averaged over the corresponding orthogonal direction. Figure 6 presents the one-dimensional spectra of the resolved u and w components of velocity as functions of wavenumber kx for different AOD cases with the free-atmosphere stratification of 6 K km −1 . Here, kx is defined as 2π/λx, where λx is the wavelength along the x coordinate. Logarithmic rather than linear coordinates are traditionally used in the spectral analyses of the atmospheric boundary layer turbulence, given the broad range of representative turbulence scales. The spectra are shown for three different heights: z/zi = 0.1, 0.5, and 0.9, where z is the height above the ground, and zi is the CBL depth. The resolved velocity spectra are confined approximately to 1.1 < kxzi < 40, corresponding to the wavelengths roughly ranging from the triple grid spacing (150 m) to the domain length (5000 m). The u-component spectra are shown in Figure 6a . All of the spectral curves have a similar shape, with a peak energy production range, and a −5/3 slope within the inertial subrange. This behavior is consistent with the data of previous LES studies of CBL [35, 36] . In the upper part of the boundary layer (z/zi = 0.9), the magnitude of spectra reduces significantly as AOD increases from 0 to 1.5, particularly for the spectra at small wavenumbers. The normalized wavenumber, at which the The resolved velocity spectra are confined approximately to 1.1 < k x z i < 40, corresponding to the wavelengths roughly ranging from the triple grid spacing (150 m) to the domain length (5000 m). The u-component spectra are shown in Figure 6a . All of the spectral curves have a similar shape, with a peak energy production range, and a −5/3 slope within the inertial subrange. This behavior is consistent with the data of previous LES studies of CBL [35, 36] . In the upper part of the boundary layer (z/z i = 0.9), the magnitude of spectra reduces significantly as AOD increases from 0 to 1.5, particularly for the spectra at small wavenumbers. The normalized wavenumber, at which the energy spectral density has a maximum, slightly shifts toward the large wavenumber values as AOD increases.
For example, the normalized peak-energy wavenumber shifts from k x z i = 3.4 in the CTL case (black line) to k x z i = 4.4 in the A15 case (cyan line). This suggests that the turbulence becomes less intense and the energy-containing turbulent eddies tend to be smaller as AOD increases, which is consistent with our earlier observation of the reduction of cell size (see Figure 2) . Similar behavior also takes place in the middle portion of the boundary layer (at z/z i = 0.5). However, the spectral peaks in the middle of the CBL shift to higher wavenumbers than the peaks in the upper portion of the CBL. Correspondingly, the inertial subrange in the spectrum referring to the CBL middle is narrower than in the spectrum at z/z i = 0.9. Remarkably, the spectral peaks shift back to relatively low wavenumbers at z/z i = 0.1. This feature has also been found in an LES study of the CBL [36] and in a wind tunnel experiment [55] . One may assume that such behavior is closely associated with the distribution of horizontal velocity variance, reaching its maximum value near the surface and having a secondary maximum within the entrainment zone. Figure 6b shows the resolved w-component spectra at three different heights for different AOD values. At first glance, the demonstrated spectra have the same shapes as u-component spectra in Figure 6a . However, some differences are readily revealed through a careful examination. At z/z i = 0.9, the peak of the w spectra shifts to higher wavenumbers than the peak of the u spectra. The spectral peak of w in the CBL middle, at z/z i = 0.5, shifts, in contrast to the spectral peak of the u spectra, toward smaller wavenumbers. This feature is associated with the w variance reaching its maximum in the lower middle portion of the CBL, and then decaying gradually with height. Near the ground (at z/z i = 0.1), a slight departure of the w spectrum from the −5/3 law is observed at the highest wavenumbers. Meanwhile, the peak of the w spectra displays a markedly broadening with a clear shift toward higher wavenumbers, which may be attributed to the blocking by the wall [36] . The presence of aerosols tends to lower the magnitude of the w spectra, but the spectral shape is still similar to that characteristic of a clean CBL. Meanwhile, the w spectral peak shifts slightly toward high wavenumbers as AOD increases, supporting our previous observation of the energy-containing eddies shrinking with the growing of aerosol loading.
Cospectra of the vertical velocity and potential temperature can be used to identify the contribution of turbulent eddies of different sizes to the heat flux. The heat flux cospectra in Figure 7 do not show a single peak distribution, which is quite different from the spectra of u and w. They show a large disparity near the surface (z/z i = 0.1), but decrease with increasing height. This indicates that the impact of aerosol radiative effect on heat flux cospectra is more pronounced near the surface. It is also seen that the cospectra reach their maxima within a relatively large wavenumber range, which means that mostly small-scale eddies transport the thermal energy upwards near the surface. In the presence of a large amount of aerosols in the CBL, the magnitude of cospectra is reduced substantially, and the peak is not apparent as AOD increases to 1.5. At the middle part of the CBL (z/z i = 0.5), a similar reduction trend is found as AOD increases. At the same time, the cospectrum maximum shifts to smaller wavenumbers of about k x z i = 7-10, pointing to motions with a length scale of the order z i being the main contributors to the heat transport. The magnitude of cospectra continues to decrease toward the boundary-layer top, with cospectra at large AOD values being close to zero, demonstrating that active heat-transporting turbulent motions hardly reach here, in contrast to a clean CBL. Atmosphere 2018, 9, x FOR PEER REVIEW 11 of 21 
Profiles of Turbulence Statistics
Now, we focus on how aerosol radiative heating affects the vertical profiles of meteorological variables. As seen in Figure 8 , the profiles of mean potential temperature θ continue to display a classic three-layered CBL structure consisting of a surface-layer interval with a sharp vertical gradient, a mixed-layer region with nearly constant θ , and an entrainment-zone (capping-inversion) range, which is characterized by a greater temperature gradient than that in the overlying free atmosphere. These basic features are persistent across the entire range of imposed AOD values, and all of the θ profiles are in general terms similar to that observed in the clear atmosphere [4, 24] , indicating that the additional heat source associated with the aerosol absorption of shortwave radiation does not essentially affect the shape of θ profiles in the aerosol-loaded CBL.
However, a clear integral warming effect is found throughout the CBL with increased aerosol loading. Due to the stronger capping effect with the thermal stratification of 9 K km −1 in the free atmosphere, the CBL tops are reduced from around 1100 m for the case with the weakest stratification of 3 K km −1 (Figure 8a ) to approximately 820 m for the case with the strongest stratification of 9 K km −1 (Figure 8g) . Moreover, the level of the zero potential temperature gradient within the CBL (indicated by horizontal dash line) lowers as the AOD increases. For example, under the stratification of 6 K km −1 , the height of zero gradient is reduced from about 420 m in the CTL case to around 240 m in the A15 case. This suggests that the upper portion of the CBL becomes more stable earlier in cases with stronger aerosol heating as compared to the aerosol-free case (CTL). 
Now, we focus on how aerosol radiative heating affects the vertical profiles of meteorological variables. As seen in Figure 8 , the profiles of mean potential temperature θ continue to display a classic three-layered CBL structure consisting of a surface-layer interval with a sharp vertical gradient, a mixed-layer region with nearly constant θ, and an entrainment-zone (capping-inversion) range, which is characterized by a greater temperature gradient than that in the overlying free atmosphere. These basic features are persistent across the entire range of imposed AOD values, and all of the θ profiles are in general terms similar to that observed in the clear atmosphere [4, 24] , indicating that the additional heat source associated with the aerosol absorption of shortwave radiation does not essentially affect the shape of θ profiles in the aerosol-loaded CBL. However, a clear integral warming effect is found throughout the CBL with increased aerosol loading. Due to the stronger capping effect with the thermal stratification of 9 K km −1 in the free atmosphere, the CBL tops are reduced from around 1100 m for the case with the weakest stratification of 3 K km −1 (Figure 8a ) to approximately 820 m for the case with the strongest stratification of 9 K km −1 (Figure 8g) . Moreover, the level of the zero potential temperature gradient within the CBL (indicated by horizontal dash line) lowers as the AOD increases. For example, under the stratification of 6 K km −1 , the height of zero gradient is reduced from about 420 m in the CTL case to around 240 m in the A15 case. This suggests that the upper portion of the CBL becomes more stable earlier in cases with stronger aerosol heating as compared to the aerosol-free case (CTL). In the aerosol-polluted CBL, potential temperature evolution is determined by the divergence of turbulent kinematic heat flux ( Q ) and radiation flux ( R ) [10] . The governing equation for the horizontally averaged potential temperature in a horizontally homogeneous CBL is:
It is clearly seen in Figure 8b ,e,h that the surface heat flux reduces significantly from 0.17 K m s −1 (CTL case) to 0.063 K m s −1 (A15 case) due to the absorption and scattering of aerosols. As expected, the heat flux profiles of aerosol-free CBL (black lines) display a classic linear decrease with height. However, in the CBL with the aerosol shortwave radiation absorption, the heat flux profiles depart from a linear shape, but the total heat (thermal energy) flux (the sum of turbulent heat flux and shortwave radiation flux) remains linear (Figure 8c,f,i) , which is consistent with the approximately well-mixed potential temperature field within the CBL that is shown in Figure 8a ,d,g. The retention of height-constant θ is expected from Equation (2), assuming a linear Q + R profile. Now, we turn our attention to profiles of variances. Velocity variance is a measure of turbulence intensity that is associated with the fluctuation of a particular velocity component. As demonstrated in Figure 9 , the horizontal velocity variance In the aerosol-polluted CBL, potential temperature evolution is determined by the divergence of turbulent kinematic heat flux (Q) and radiation flux (R) [10] . The governing equation for the horizontally averaged potential temperature in a horizontally homogeneous CBL is:
It is clearly seen in Figure 8b ,e,h that the surface heat flux reduces significantly from 0.17 K m s −1 (CTL case) to 0.063 K m s −1 (A15 case) due to the absorption and scattering of aerosols. As expected, the heat flux profiles of aerosol-free CBL (black lines) display a classic linear decrease with height. However, in the CBL with the aerosol shortwave radiation absorption, the heat flux profiles depart from a linear shape, but the total heat (thermal energy) flux (the sum of turbulent heat flux and shortwave radiation flux) remains linear (Figure 8c,f,i) , which is consistent with the approximately well-mixed potential temperature field within the CBL that is shown in Figure 8a ,d,g. The retention of height-constant θ is expected from Equation (2), assuming a linear Q+R profile. Now, we turn our attention to profiles of variances. Velocity variance is a measure of turbulence intensity that is associated with the fluctuation of a particular velocity component. As demonstrated in Figure 9 , the horizontal velocity variance (u 2 + v 2 ) displays a three-layer structure similar to that of the θ field, with the strong gradient near the surface, little change in the main portion of the CBL, and an increase within the entrainment layer. All of the demonstrated variance profiles show a similar distribution pattern, but the variance magnitude reduces substantially throughout the CBL with increasing AOD. The peak variance value near the boundary layer top indicates that under the effect of stratification in this region of the flow, the rising motions from updrafts are redirected and transformed into the horizontal turbulent motions. In the presence of aerosol radiative heating, these variance peaks become less protuberant. The aforementioned transformational effect can be quantified by the ratio of vertical velocity variance to horizontal variance (
). For the CBL cases with free-atmosphere stratification of 6 K km −1 , this ratio is reduced from 0.42 in the CTL case to 0.24 in the A15 case, indicating less efficient transfer from vertical to horizontal motions in the CBL with aerosol loading. This effect may be explained by the weakening of capping inversion in the presence of aerosol radiative heating leading to less resistance to rising thermals in comparison with the clean CBL.
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Scaling Parameters for Normalization of Statistics
As discussed above, the radiative effects of both the aerosol and stratification conditions have substantial influences on the turbulence structure in the CBL. However, the profiles of turbulence statistics presented above appear to be rather scattered. Now, we try to identify scaling parameters that would allow to reduce the scatter between profiles corresponding to particular flow realizations, and, in an optimal case, help to collapse the profiles to a universal curve. This is a commonly used approach to analyze flow scenarios with varying initial and forcing conditions [4, 6] . 
As discussed above, the radiative effects of both the aerosol and stratification conditions have substantial influences on the turbulence structure in the CBL. However, the profiles of turbulence statistics presented above appear to be rather scattered. Now, we try to identify scaling parameters that would allow to reduce the scatter between profiles corresponding to particular flow realizations, and, in an optimal case, help to collapse the profiles to a universal curve. This is a commonly used approach to analyze flow scenarios with varying initial and forcing conditions [4, 6] . ) for the cases with three different stratification strengths in the free atmosphere: (a) 3 K km −1 , (b) 6 K km −1 , and (c) 9 K km −1 . The color scheme for cases with different AOD is the same as in Figure 8. 
As discussed above, the radiative effects of both the aerosol and stratification conditions have substantial influences on the turbulence structure in the CBL. However, the profiles of turbulence statistics presented above appear to be rather scattered. Now, we try to identify scaling parameters that would allow to reduce the scatter between profiles corresponding to particular flow realizations, and, in an optimal case, help to collapse the profiles to a universal curve. This is a commonly used approach to analyze flow scenarios with varying initial and forcing conditions [4, 6] . In the previous study, Liu et al. [39] 
Summary and Conclusions
In this study, the turbulence statistics and spectra in the CBL with aerosol radiative heating have been investigated by using a series of numerical experiment results conducted with a LES code coupled with a radiative transfer model. The results show that the aerosol radiative effect exerts a significant impact on the turbulence structure in the CBL with varying aerosol conditions. The potential temperature continues to show three-layered structures, even when the aerosol radiative effect is included. However, in the presence of aerosols, the turbulent heat flux does not follow a linear relationship with the height characteristics of a clean CBL. Increasing the AOD reduces the variances of horizontal and vertical velocity as well as potential temperature, but does not generally modify the profile patterns.
The spectral densities of both the horizontal and vertical velocity components in the CBL with an aerosol radiative effect continue to follow the Kolmogorov's −5/3 law in the inertial subrange. As AOD increases, the shapes of the horizontal and vertical component spectra remain practically unchanged, but the spectral densities become smaller overall, and the peaks of the velocity spectra are shifted toward larger wavenumbers. This indicates that the energy-containing turbulent eddies become smaller with an increase of the aerosol loading, which is supported by the visualized distributions of vertical velocity over the x-y planes.
By employing the modified velocity and temperature scales that have an included aerosol radiative effect, the profiles of normalized vertical velocity variances and potential temperature variances for different aerosol pollution cases converge throughout the entire CBL. This emphasizes the importance of using modified scaling parameters for analyses of the turbulence structure of the aerosol-loaded CBL.
In the future, more aerosol parameter settings such as the vertical distribution of aerosol and other aerosol properties (e.g., single scattering albedo) need to be considered in order to further evaluate the impact of aerosol radiative effect on the turbulence structure of the aerosol-loaded CBL. 
